Introduction {#sec1}
============

Current cancer treatments often rely on the administration of multiple chemotherapeutic drugs to improve overall survival. These combination therapies can overcome the limitations of single target drugs, as they exploit different action mechanisms and can be administered under several regimens for curative and palliative purposes. Recurrent or metastatic squamous cell carcinoma of the head and neck (SCCHN) yields a poor prognosis, with limited treatment options, and a novel phase I/IIb trial (identifier, NCT02054442; <https://clinicaltrials.gov/>) is set to investigate the efficacy and safety of methotrexate in combination with cetuximab.

Methotrexate is an established antifolate and one of the most extensively used anticancer agents.^[@ref1],[@ref2]^ It inhibits the enzyme dihydrofolate reductase, disrupting DNA synthesis,^[@ref3]^ and can be administered in both high and low doses for the treatment of autoimmune diseases and cancers.^[@ref4],[@ref5]^ High-dose methotrexate (i.e., 12 000 mg/m^2^) is used in the treatment of malignancy, while low-dose methotrexate (i.e., 40 mg/m^2^) is used in metastatic SCCHN and in various nonmalignant immune-mediated disorders.^[@ref6],[@ref7]^ Cetuximab is an antiepidermal growth factor receptor (EGFR) recombinant monoclonal antibody (IgG1)^[@ref8]^ that displays beneficial clinical outcomes in patients with recurrent or metastatic SCCHN and does not exert renal adverse effects.^[@ref9]^ It binds to the extracellular domain of EGFR and hinders the ligand-induced tyrosine kinase activation.^[@ref10]^ When active, multiple EGFR tyrosine-kinase domains can trigger downstream signal transduction cascades, more specifically the phosphoinositide 3-kinase (PI3K)-AKT and mitogen activated protein kinase (MAPK) pathways.^[@ref11]^ These pathways are responsible for a series of intracellular regulatory processes such as cell cycle progression, neovascularization, migration, differentiation, proliferation, and immunogenic responses.^[@ref12]^

The kidney, through active tubular secretion, clears a great variety of chemotherapeutics and among those is methotrexate. During this process, methotrexate accumulates within the kidney and, especially at high-dose, the drug can promote extensive necrosis of the proximal tubular epithelial cells (PTEC).^[@ref13],[@ref14]^ This is due to transporters expressed in PTEC that are involved in the excretion process of methotrexate. The drug is efficiently taken up from the blood compartment by the organic anion transporters 1 and 3 (OAT1--3)^[@ref15]^ and excreted into the tubular lumen by the multidrug resistance proteins (MRP) 2 and 4^[@ref16]^ and breast cancer resistance protein (BCRP).^[@ref17]^ In general, transmembrane transporters are key to renal function and their activity and expression can be regulated, among others via EGFR.^[@ref18]^ In the kidney, EGFR is expressed in PTEC, and activated by EGF and EGF-like hormones.^[@ref19]^ Furthermore, EGFR can stimulate renal epithelial regeneration in response to kidney injury.^[@ref20]^

Despite the wide use of methotrexate, a potential pharmacokinetic interaction with cetuximab when combined in therapy is not known. The aim of this study was to investigate the effects of cetuximab on renal methotrexate handling in vitro using conditionally immortalized human PTEC overexpressing either OAT1 or OAT3 (ciPTEC-OAT1/ciPTEC-OAT3).^[@ref21]^ Previously, we demonstrated ciPTEC as a representative human proximal tubule cell line with preserved features, including cell polarization, monolayer organization, expression of tight junction proteins, as well as xenobiotic transporter and metabolic enzyme activities.^[@ref22]−[@ref24]^ Using this cell line, we revealed that cetuximab downregulates OAT1 and BCRP while it upregulates MRP4 via EGFR signaling, thereby reducing renal methotrexate uptake as well as its cytotoxic potential. This appeared to be a common regulatory pathway, with effects beyond attenuating methotrexate toxicity, as cisplatin cytotoxicity^[@ref25]^ was counteracted as well. This study shows the nephroprotective potential of combination therapy, in vitro and opens possibilities for further research on the use of comedication to manage renal toxicity.

Methods {#sec2}
=======

Chemicals {#sec2.1}
---------

All chemicals were obtained from Sigma (Zwijndrecht, The Netherlands) unless stated otherwise. Stock solutions of all compounds used for transport assays were prepared according to specification in either dimethyl sulfoxide (DMSO) or dH~2~O. Cetuximab (Erbitux) was obtained from Merck Serono (Darmstadt, Germany).

Cell Culture {#sec2.2}
------------

The ciPTEC-OAT1 and ciPTEC-OAT3 were cultured in phenol red-free DMEM/F12 (Invitrogen, Breda, The Netherlands), as previously described. Cells were seeded at a density of 63 000 cell/cm^2^, grown for 24 h at 33 °C and subsequently at 37 °C for 7 days.^[@ref23],[@ref26]^ ciPTEC required a temperature shift to mature and grow into fully differentiated epithelial cells forming a tight monolayer, prior to each assay. A detailed composition of the ciPTEC medium can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.7b00308/suppl_file/mp7b00308_si_001.pdf) (Table S1).

Cetuximab, Methotrexate, and Cisplatin Treatments {#sec2.3}
-------------------------------------------------

To study the effects of cetuximab, matured ciPTEC were treated for 24 or 48 h by incubation with or without cetuximab (500 μg/mL) in culture medium, in the presence or absence of EGF (10 ng/mL). After cetuximab exposure, cells were incubated with either increasing concentrations of methotrexate or cisplatin (up to 100 μM) for 24 h, using standard ciPTEC culture medium (CM; containing 10% fetal calf serum) or serum-free medium (SFM). Under normal conditions, ciPTEC medium contained EGF, which was considered as control condition.

Fluorescent Functional Assays {#sec2.4}
-----------------------------

The retention of fluorescent substrates was used to determine the changes in activity of membrane transporters.^[@ref24]^ Fluorescein, Hoechst33342, calcein-AM, 5-chloromethyl fluorescein diacetate (CMFDA), and (4-(4-(dimethylamino) styryl)-*N*-methylpyridinium (ASP^+^) were used to evaluate the function of OAT1, OAT3, BCRP, P-gp, MRP4, and OCT2, respectively, as described.^[@ref21],[@ref24]^ To study the effect of methotrexate on these transporters, cells were exposed to a single concentration of the substrates (fluorescein and calcein-AM, 1 μM; Hoechst33342 and CMFDA, 1.25 μM), separately, or together with methotrexate. Model inhibitors probenecid, KO143, MK571, and PSC833 were used to validate transporter involved. To investigate cetuximab influence on transport function, a two-fold step dilution was performed to obtain a concentration gradient of the fluorescent substrates with maximum concentrations of 25 μM each. The calcein-AM assay was performed in the presence of 2.0 μM of inhibitor PSC833 and CMFDA in the presence of 5.0 μM of MK571. Cells were washed twice before incubation at 37 °C for 10 min (fluorescein), 30 min (CMFDA, Hoechst33342 and ASP^+^), or 60 min (calcein-AM), as described previously. Afterward plates were washed twice and cells were lysed with either 0.1 M NaOH (fluorescein) or Triton-X100 1% (calcein-AM and CMFDA). Subsequently, fluorescence was acquired via an Ascent Fluoroskan FL microplate reader (appropriate filter settings: wavelengths, fluorescein, calcein, and glutathione-methyl fluorescein (GS-MF: the end-metabolites of calcein-AM and CMFDA, respectively); excitation, 494 nm; emission, 512 nm. Hoechst33342: excitation, 350 nm; emission, 461 nm. ASP^+^: excitation, 470 nm; emission, 590 nm). A schematic representation of the interactions between fluorescent substrates and model inhibitors is depicted in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.7b00308/suppl_file/mp7b00308_si_001.pdf) (Figure S1).

Gene Expression {#sec2.5}
---------------

Transporters gene expression profiling was performed by isolating total RNA from cells grown in six-well plates, using an RNeasy Mini kit (Qiagen, Venlo, The Netherlands), according to the manufacturers specifications. Subsequently, cDNA was synthesized using the Omniscript RT-kit (Qiagen). Subsequently, quantitative PCR was performed in a CFX96 real-time PCR detection system (Biorad, Veenendaal, The Netherlands). GAPDH was used as housekeeping gene for normalization, and its expression was not affected by the experimental conditions tested as demonstrated in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.7b00308/suppl_file/mp7b00308_si_001.pdf) (Figure S2). Relative expression levels were calculated as fold change using the 2^--ΔΔCT^ method. The primer-probe sets were obtained from Applied Biosystems: GAPDH - hs99999905_m1; BCRP - hs00184979_m1; MRP4 - hs00195260_m1 and Pgp - hs00184500_m1; OAT1 - hs00537914.

Western Blot Analysis {#sec2.6}
---------------------

The protein levels of OAT1 and BCRP were determined by Western blotting using 9% (W/V) sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Cell samples were homogenized in ice-cold Tris-Sucrose (TS) buffer (10 mM Tris-HEPES and 250 mM sucrose, pH 7.4) containing protease inhibitors (PMSF 100 μM, Aprotinin 5 μg/mL, Leupeptin 5 μg/mL, Pepstatin 1 μg/mL, E64 10 μM). Membrane fractions were obtained by high shear passage using a microfluidizer LV1 (Microfluidics, Westwood, AM, USA), and cell lysates were span for 20 and 90 min at 4000 and 25 000 rcf at 4 °C, respectively. Membranes were incubated with mouse anti-BCRP (1:200 dilution; Abcams, Cambridge, UK) and rabbit anti-OAT1 antibody (1:100 dilution; Abcams, Cambridge, UK) overnight at 4 °C. As a loading control, rabbit anti-Na, K-ATPase antibody (α-subunit, 1:4000 dilution, C356-M09,^[@ref27]^) was used. Secondary antibodies, Alexa fluor 680 goat antirabbit IgG (1:10 000 dilution; Life Technologies Europe BV), streptavidin Alexa fluor 680 (1:10 000 dilution; Life Technologies Europe BV), and IRDye 800 goat antirabbit IgG (1:10 000 dilution; Rockland, PA). Fluorescence was detected using the Odyssey scanner CLx (Li-Cor Biosciences, USA). Data were normalized to protein expression levels of the loading control using ImageJ software (imagej.nih.gov).

Serine/Threonine and Tyrosine Kinase Microarrays and Pathway Analysis {#sec2.7}
---------------------------------------------------------------------

To investigate downstream cetuximab effects on ciPTEC, the serine/threonine kinase (STK) and protein tyrosine kinase (PTK) activity profiles were determined with 3D dynamic peptide microarrays. Using the PamStation12 platform and PamChip microarrays, containing four identical arrays each, with 142 either STK or PTK immobilized phosphorylation sites, cetuximab treated ciPTEC samples were analyzed as previously described.^[@ref28]^ Cells were grown in six-well plates, and after maturation, cells were washed and incubated with cetuximab either in the presence or absence of EGF for 15 min in HBSS. Cell pellets were lysed using mammalian protein extraction reagent (MPER) in the presence of HALT phosphatase and protease inhibitors (Pierce) according to manufacturer instructions. Resulting cell lysates were profiled as described previously.^[@ref29],[@ref30]^ The data were analyzed using Evolve and BioNavigator (signal acquisition and data analysis software, respectively; Pamgene) to generate heat maps and differential kinase activity hits by comparing ratios over the control condition (+EGF). Significantly relevant peptide phosphorylations (targets/hits) were selected and used to generate canonical pathway signaling hypotheses by performing an unbiased analysis using the Genego MetaCore (thomsonreuters.com) software and database resources.

Intracellular Methotrexate Metabolite Quantification by LC--MS/MS {#sec2.8}
-----------------------------------------------------------------

To determine methotrexate uptake by ciPTEC, the intracellular levels of methotrexate polyglutamates were analyzed following 48 h cetuximab pretreatment and 24 h methotrexate exposure in both CM and SFM. Cells were washed, harvested and cell pellets were frozen in liquid nitrogen and stored at −80 °C prior to analysis. Samples were analyzed as previously described.^[@ref31]^ Briefly, 16% perchloric acid was used to precipitate protein, after a centrifugation step, 10 μL (per sample) of supernatant was analyzed by liquid chromatography-electrospray ionization-tandem mass spectrometry (UPLC--ESI--MS/MS) using a Waters Acquity BEH C18 column and a 5--100% gradient of 10 mM ammonium bicarbonate pH10 and methanol on a classic Acquity UPLC (Waters Instruments). Detection was performed during a 6 min run by positive electrospray ionization using a Quattro Premier XE (Waters Instruments).

Cell Cycle Analysis {#sec2.9}
-------------------

For cell cycle analysis, cells were grown in six-well plates, and following treatment cells were harvested using accutase, washed, and centrifuged before fixation with cold 70% (v/v) ethanol for 1 h. Subsequently, the cells, in suspension, were stained with a propidium iodide (PI) solution containing 40 μg/mL PI, 100 μg/mL RNase A, and 0.1% (v/v) Triton X-100 for 45 min. The data were retrieved using a BD FACSCanto II flow cytometer and analyzed using the FlowLogic software (Chromocyte, Sheffield, UK).

Cell Viability {#sec2.10}
--------------

Cell survival upon methotrexate or cisplatin exposure was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells were washed twice and incubated with 5 mg/mL MTT (100 μL p/well) for a minimum of 2 h at 37 °C; after washing, wells are dissolved in 200 μL of DMSO (p/well) and absorbance read via a BioRad iMark microplate reader (absorbance: 550--600 nm). Cisplatin toxicity was also evaluated by the Presto-blue (PB) assay, and cells were incubated for 1 h with 1:10 dilution PB solution (100 μL p/well) at 37 °C. Subsequently, the supernatant was transferred to a 96-well plate and absorbance read using Jasco FP8300 Spectrophotometer (excitation wavelength, 560 nm; emission wavelength, 590 nm).

Data Analysis {#sec2.11}
-------------

Transport activity was calculated by normalizing fluorescence intensity, expressed in arbitrary units (a.u.), to baseline values (no inhibitor) after background subtraction, as described.^[@ref24]^ Inhibition of efflux activity led to increased total fluorescence; therefore, efflux activity was depicted as the inverse of the fold increase in fluorescence. Nonlinear analysis according to Michaelis--Menten kinetics was performed using GraphPad Prism 5.02 (GraphPad software, San Diego, CA, USA). Differences between groups were considered to be statistically significant when *p* \< 0.05 using a one-tailed Student's *t* test. All data are presented as mean ± SEM.

Results {#sec3}
=======

Renal Excretion of Methotrexate Is Mediated by OAT1, OAT3, BCRP, and MRP4 {#sec3.1}
-------------------------------------------------------------------------

Methotrexate clearance has been studied in humans and rodents in vivo and in cell lines expressing a single transporter; however, its handling in a renal cell model containing multiple relevant transporters has not been performed. We first examined the renal excretion route for methotrexate in ciPTEC-OAT1 and ciPTEC-OAT3 in an indirect way by measuring the interaction of methotrexate with marker substrates fluorescein, GS-MF and Hoechst33342 for OAT1/OAT3, MRP's and BCRP, respectively.^[@ref21],[@ref24]^ Model inhibitors were used as positive control and the fluorescence levels without inhibition were normalized to 100%. Upon methotrexate exposure, OAT1, BCRP, and MRP's activities were significantly reduced in ciPTEC-OAT1, whereas in ciPTEC-OAT3, only OAT3 and MRP4 activities were reduced ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A--C). BCRP inhibition could not be determined in ciPTEC-OAT3 and P-gp activity was not affected in both cell lines ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D). These results confirm a renal excretion pathway previously suggested ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E).

![Methotrexate uptake in ciPTEC-OAT1 and ciPTEC-OAT3. Methotrexate (MTX) significantly reduced the uptake of fluorescein (A) and inhibited the efflux of Hoechst33342, in ciPTEC-OAT1 (B) and GS-MF (C), in both ciPTEC-OAT1 and OAT3. Calcein efflux was not blocked by methotrexate in both cell lines (D), and Hoechst33342 activity in ciPTEC-OAT3 could not be determined. Model inhibitors Probenecid, KO143, MK571, and PSC833 were tested as positive controls. Data are presented as mean values ± SEM. Statistical analysis was performed via unpaired Student's *t* test. ∗, *p* \< 0.05 and ∗∗∗, *p* \< 0.01 compared to control (CTRL). A schematic depiction of the potential interactions (E).](mp-2017-00308z_0001){#fig1}

Cetuximab Regulates Tubular Xenobiotic Transport {#sec3.2}
------------------------------------------------

Next, renal drug transporter expression and its activity were determined after treating ciPTEC with cetuximab. Exposure to cetuximab for 48 h resulted in an altered expression and function of all major transport systems present in ciPTEC-OAT1 as compared to the standard culture conditions in the presence of EGF, but not OAT3. Therefore, subsequent experiments were performed with ciPTEC-OAT1. The gene expression of OAT1 was reduced in the absence of EGF or in the presence of cetuximab, which was also observed for BCRP ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,C). In agreement, protein expression levels of OAT1 and BCRP were reduced in the absence of EGF ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A,C). Both MRP4 and P-gp mRNA levels were increased in the absence of EGF as well as in the presence of cetuximab ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E,G), for which we could not determine quantifiable differences in their expressions using the sample preparation methodology described. The accumulations of fluorescein, Hoechst33342, calcein, and GS-MF were reduced upon cetuximab exposure both in the presence or absence of EGF ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B,D,F,H). This effect was similar to that observed after culturing cells for 48 h in absence of EGF.

![Expression and function of renal drug transporters upon cetuximab pretreatment. Cells were pretreated with cetuximab (CTX) before gene and protein expression was determined. The activity of renal drug transporter was evaluated using fluorescent substrates (OAT1, fluorescein; BCRP, Hoechst33342; P-gp, calcein and MRP4; GS-MF, respectively). Changes in transport activity are depicted in fluorescent intensity expressed in arbitrary units (a.u). CTX effectively reduced the expression and activity of OAT1 (A, B) and BCRP (C, D), while increasing the expression and activity of P-gp (E, F) and MRP4 (G, H). Protein expression was determined for OAT1 (60 kDa) and BCRP (72 kDa) (A, C lower panel), Na,K-ATPase was used as loading control (112 kDa). Data are presented as mean values ± SEM, *n* = 3. Statistical analysis was performed via unpaired Student's *t* test. ∗, *p* \< 0.05 and ∗∗∗, *p* \< 0.01 compared to control (+EGF condition).](mp-2017-00308z_0002){#fig2}

When cetuximab was given in absence of EGF, no further alterations were observed. Functional changes were evidenced from the accumulation of the fluorescent probes, in which a higher intensity yielded more accumulation of the probe. For efflux pumps, a higher activity yielded a reduction in substrate accumulation given an increased rate of removal, as was observed for GS-MF and calcein. The reduction in BCRP was not reflected by an increased Hoechst33342 retention, most likely due to the increased expression in P-gp, which can also secrete Hoechst33342.^[@ref24]^ After nonlinear regression analysis according to Michaelis--Menten kinetics, parameters were calculated and presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Nonlinear Regression Analysis of Transport Activity of Fluorescent Substrates after 48 h Exposure to Cetuximab in ciPTEC-OAT1[a](#t1fn1){ref-type="table-fn"}

                  +EGF         --EGF          +EGF+CTX     --EGF+CTX                                                
  --------------- ------------ -------------- ------------ -------------- ------------- -------------- ------------ --------------
  Fluorescein     4.3 ± 0.5    14.7 ± 0.5     5.6 ± 0.5    9.6 ± 0.3      5.1 ± 0.6     9.4 ± 0.4      5.4 ± 0.8    8.2 ± 0.5
  Hoechst 33342   21.3 ± 4.3   108.7 ± 8.1    23.8 ± 4.6   81.0 ± 6.0     19.15 ± 4.3   82.7 ± 6.6     22.4 ± 4.3   76.2 ± 5.5
  Calcein-AM      36.8 ± 6.3   378.7 ± 43.6   38.4 ± 6.7   272.8 ± 32.4   22.4 ± 3.3    209 ± 18.0     22.7 ± 3.8   178.3 ± 17.5
  CMFDA           20.2 ± 1.5   436.5 ± 18.1   17.5 ± 1.6   296.6 ± 14.8   13.0 ± 1.6    267.2 ± 15.8   13.5 ± 1.4   250.4 ± 13.1

Data are expressed as mean values ± SEM of a minimum of two independent assays performed in triplicate. Transport activity is depicted in fluorescent intensity, expressed in arbitrary units (a.u).

No significant changes in IC~50~ values were found for all conditions tested ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), implicating that the results observed relate to changes in expression levels of the transporters rather than changes in affinities.

Cetuximab Activates Serine/Tyrosine Signaling Downstream of EGFR {#sec3.3}
----------------------------------------------------------------

To investigate the downstream effects of cetuximab-EGFR signaling in ciPTEC-OAT1, kinase activity profiling using peptide microarrays comprising either 144 PTK or STK phosphosite was performed (PamChip) and used to generate an interaction network. Cells were treated with cetuximab for 15 min in the presence and absence of EGF. Overall, cetuximab activated PTK and STK. In the presence of EGF, STK activity decreased, an effect that was counteracted by cetuximab coincubation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). The absence of EGF sustained a similar effect to that of CTX and both conditions did not yield an additive effect in transport activity. This illustrates that the same regulatory mechanism is triggered and involved in the response and maximally affected by either one alone (Figure S3). Subsequently, significantly modulated targets (phosphorylated peptides) were selected and evaluated with the MetaCore software. Analysis provided a list of known pathways that most significantly overlap with the PTK and STK targets determined for cetuximab. Results show that the signaling pathways triggered by cetuximab mainly involve tyrosine kinases, while EGF mostly affects serine kinases, underlining the stark differences between both conditions. An in-depth scrutiny into the predicted pathways ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C) revealed that in the control condition (+EGF) the key regulatory elements are cAMP-dependent protein kinase A (PKA), serine/threonine specific kinase C (PKC), downstream transcription factor Creb1 (cAMP responsive element binding protein 1), and the nuclear factor kappa light polypeptide gene enhancer (NF-kβ1). On the other hand, cetuximab exposure reduced EGFR, receptor tyrosine-protein kinase (Erbb2) and PKC activity, while enhancing phospholipase C-γ (PLCγ), phosphatidylinositol-4,5-bisphosphate 3-kinase (P13K), and phosphoinositide dependent protein kinase (PDK). There was also a direct link between EGFR inhibition and MRP4 enhanced phosphorylation. Additional results from the kinomic and pathway analyses are presented as [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.7b00308/suppl_file/mp7b00308_si_001.pdf). Further down, EGFR signal transduction targeted the AKT and MAPK/ERK pathways implicated in regulating the expression of OAT1, BCRP, P-gp, and MRP4. When cells were exposed to LY294002, an AKT inhibitor, the expression of all transporters was reduced ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D), whereas the ERK inhibitor U-0126 reduced the expression of OAT1 and BCRP and upregulated the expression of P-gp and MRP4 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B).

![Cetuximab-mediated regulation of EGFR downstream signaling. Cetuximab (CTX) promoted the activation of STK and phospholipases leading to PI3K-AKT and MAPK-ERK regulation of renal drug transporters. Data in panel B is expressed as mean values ± SEM of a minimum of two independent assays performed in triplicate.](mp-2017-00308z_0003){#fig3}

Cetuximab Reduces Methotrexate Uptake and Ameliorates Cytotoxicity {#sec3.4}
------------------------------------------------------------------

Although high-dose methotrexate appears to be nephrotoxic in vivo, ciPTEC-OAT1 were only moderately sensitive to methotrexate, with a reduction in cell viability of about 70--80% at the highest concentration tested ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). In agreement with its effect on the functional expression of the renal drug transporters, a 24 h cetuximab pretreatment effectively reduced the intracellular concentration of methotrexate-polymglutamate 1 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). Cell cycle analysis showed that after 48 h cetuximab treatment, G0/G1 phase (resting phase) increased from 75 ± 4% to 81 ± 6% ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). A similar effect as observed when cells were cultured in the absence of EGF ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). When exposed to increasing concentrations of methotrexate, ciPTEC viability reduced as measured by mitochondrial activity ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D). However, when cells were exposed for 24 h to 100 μM methotrexate followed by a 24 h recovery period, the reduction in cell viability was reversed. This was independent of cetuximab treatment ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E). In cells treated with cetuximab for 24 h prior to a 48 h methotrexate treatment, the toxic effects of methotrexate could be prevented. A similar effect was observed after 24 h pretreatment with the ERK inhibitor, U-0126 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F). This preventive effect of CTX was not observed in the ciPTEC-OAT3 line ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}G), which suggested further that this transporter is not regulated through EGFR signaling.

![Cetuximab reduced methotrexate-induced cytotoxicity in ciPTEC-OAT1. Exposure to cetuximab (CTX) for 24 h reduced the uptake of methotrexate (MTX) in both CM (A) and SFM (B). CTX pretreatment effectively rests cell cycle progression (C). For cell viability assessments, cells were exposed to methotrexate (0--100 μM) for 24 h in SFM (D), MTX (100 μM) for 24 h in SFM, followed by 24 h of treatment with CM (E) or CTX. Cells were preconditioned for 24 h in SFM with CTX or U-0126 (2 μM), followed by 48 h of exposure to MTX (100 μM) (F). MTT assay was then performed. CTX preconditioning did not rescue MTX cytotoxicity in ciPTEC-OAT3 (G). Results are expressed in viability (%) compared to control (i.e., SFM-treated cells). CTX pretreatment effectively reduced MTX uptake and toxicity. Values are shown as mean ± SEM of minimally two independent experiments performed in triplicates. ∗, Significantly different from control (*p* \< 0.05); \#, significantly different from MTX (100 μM; *p* \< 0.05).](mp-2017-00308z_0004){#fig4}

EGFR-Mediated Signaling Is Also Involved in Cisplatin-Induced Cytotoxicity {#sec3.5}
--------------------------------------------------------------------------

To investigate whether the attenuation in toxicity by cetuximab was specific for methotrexate or a more common phenomenon in tubule epithelial cells, we investigated the role of EGFR signaling on cisplatin-induced cytotoxicity. Cisplatin is another agent used in SCCHN combination therapy that, unlike methotrexate, is taken up by PTEC via the organic cation transporter 2 (OCT2) and can lead to programmed cell death.^[@ref32]^ Similar to the effect observed for methotrexate, pretreatment with cetuximab for 24 h ameliorated cisplatin-induced toxicity. Cisplatin treatment alone reduced viability to 64 ± 5%, and when preceded by cetuximab, viability was maintained at 91 ± 10% ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). Increasing concentrations of cisplatin resulted in a severe loss of mitochondrial activity in ciPTEC-OAT1, where a maximum concentration of 100 μM resulted in near total activity loss after 6 h exposure followed by a 72 h recovery period. Cetuximab pretreatment did not exert any tangible effect on cell viability. On the other hand, the absence of EGF resulted in reduced cisplatin toxicity compared to the condition with EGF, revealing TC~50~ values of 44 ± 10 μM compared to 32 ± 18 μM, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). Furthermore, the uptake of ASP^+^, a well-known OCT2 model substrate,^[@ref33]^ decreased upon cetuximab treatment ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C), which suggested that the transporter is regulated through EGFR signaling as well.

![Cetuximab reduced cisplatin-induced cytotoxicity. Cell viability in the presence of cisplatin (CDDP) was determined after cetuximab (CTX) pretreatment for 24 h in SFM, followed by exposure to CDDP (25 μM) for 24 h. MTT assay was then performed (A). Preconditioning of cells with CTX decreased CDDP cytotoxicity. Results are expressed in viability (%) compared to control (i.e., SFM-treated cells). CDDP toxicity after 72 h recovery in CM and CTX was determined after 48 h CTX pretreatment followed by 6 h of increasing CDDP concentrations (0--100 μM) (B). CDDP recovery was performed in CM to minimize cell stress. The absence of EGF ameliorated CDDP toxicity. The accumulation of ASP^+^ (OCT2 substrate) was reduced upon CTX pretreatment (C). Values are shown as mean ± SEM of minimally two independent experiments performed in triplicates. ∗, Significantly different from control (*p* \< 0.05).](mp-2017-00308z_0005){#fig5}

Discussion {#sec4}
==========

In the present study, we revealed the mechanistic interactions between methotrexate and cetuximab affecting renal methotrexate transport activity and cytotoxic potency. Our results show that cetuximab changes drug transporter function through EGFR signaling in proximal tubule cells. The changes in transport activity attenuated the toxic effects of methotrexate and cisplatin. These findings shed light on the potential of using EGFR signaling modulation as a target to prevent renal toxicity in combination chemotherapy.

Nephrotoxicity is a major concern in various chemotherapeutic regimens, and often a dose-limiting factor. The delayed elimination of methotrexate in the course of high-dose methotrexate chemotherapy leads to a considerable accumulation of the drug in proximal tubules, greatly exceeding plasma levels up to 100-fold.^[@ref34]^ Severe renal toxicity is hence derived from the intratubular precipitation of methotrexate crystals, despite its antifolate properties.^[@ref35]^

In proximal tubules, xenobiotic transporters play a key role in drug excretion and disposition. Acting as selective carriers, they remove the majority of xenobiotics and protein-bound drugs from the bloodstream.^[@ref36]^ We demonstrated competition between methotrexate and fluorescein for OAT1/OAT3-mediated uptake. Upon entering the cells, methotrexate is metabolized through the addition of glutamate residues by folylpolyglutamate-synthetase,^[@ref37]^ of which methotrexate-polyglutamate 1 was measured intracellularly. Furthermore, we confirmed that BCRP as well as MRP4 are involved in cellular excretion of methotrexate, demonstrating that its renal tubular excretion pathway suggested can be mimicked in vitro using ciPTEC.^[@ref38]^

Cetuximab influences the activity of renal uptake as well as efflux transporters involved in methotrexate excretion, except for OAT3. Cetuximab downregulated OAT1 and BCRP, while upregulating MRP4 and P-gp, predominantly through ERK mediated signaling downstream EGFR. The receptor is highly expressed in renal tubular cells and key to their physiology, as demonstrated by its involvement in, for example, electrolyte homeostasis by adjusting trans-epithelial resistance and tight-function configuration, and controlling sodium and magnesium reabsorption.^[@ref39]^ Changes in gene expression of the transporters after cetuximab exposure are reflected by their protein levels and, subsequently, at the functional level as a result of a transcriptional regulation of the transport systems. Moreover, cetuximab treatments showed parallels with the effects determined in the absence of EGF, further specifying the role of EGFR in renal xenobiotic transporter regulation.

By kinomic and pathway analysis,^[@ref40]^ we determined that under standard culturing conditions (in the presence of EGF), the main signaling pathways involve STK activity resulting in the regulation of PKC and PKA. In line with our findings, activation of PKC has previously been shown to affect cellular distribution of OAT1 by promoting ubiquitination of the transport protein. This results in an accelerated internalization of the transporter from cell surface to intracellular compartments and a reduction in Vmax.^[@ref41]−[@ref44]^ Similarly, OCT2 activity can be modulated by a phosphor-tyrosine switch and stimulation by EGF is abolished by MAPK and PKA inhibition.^[@ref45],[@ref46]^ Moreover, BCRP expression can be regulated by the axis EGFR -- AKT -- ERK -- CREB, whereas P-gp function and membrane traffic are dependent on PKC and PKA-mediated phosphorylation.^[@ref47],[@ref48]^

Cetuximab treatment led to an extensive shift in the kinase-mediated signaling cascades, most dominantly on PTK activity (thus upstream or initial signaling). Pathway analysis of the significant activity modulations indicated the involvement of PLC and PI3K, underlying the role of phospholipases in this pathway, leading to modulation of PKC and PDK. Here, the PI3K-AKT pathway reporting phosphosites indicated downregulation of the mechanistic target of rapamycin (mTOR) kinase and eukaryotic translation initiation factor 4E (eIF4E). In a seemingly reductant route, PLC-mediated PKC downregulation also results in RAS-mediated ERK and MAPK downregulation. The network of interactions predicted for cetuximab action in ciPTEC-OAT1 are in line with what has been previously described in cancer models.^[@ref49]^ Inhibition of AKT and ERK changed the expression of OAT1, BCRP, MRP4, and P-gp in the same fashion as when cells were exposed to cetuximab, further implicating these pathways in regulating the activity of renal drug transporters ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). The modulation of transcription factors (Creb1, NFKβ, eIF4E) revealed in our analysis could hypothetically account for the transcriptional changes in expression observed after 48 h exposure to cetuximab.

Renal methotrexate uptake is described to be handled primarily by OAT3.^[@ref50],[@ref51]^ Here we show that OAT1 can also play a role in methotrexate uptake and its cytotoxicity. The role of EGF in regulating both basolateral and apical transporters underlines how the combined activities of different drug transporters impacts methotrexate distribution beyond the activity of a predominant pump. Further, this mechanism may be seen as part of broader physiological response. EGF is an important renal growth factor and can be of both systemic or renal origin.^[@ref39],[@ref52]^ Modifying renal drug excretion via EGFR signaling could, hypothetically, be promoted by systemic EGF originating from another organ system as response to a toxic event. Regulatory mechanisms involving both SLC and ABC transporters have been proposed to determine the whole-body distribution of metabolites, nutrients and xenobiotics,^[@ref53]−[@ref55]^ and our findings suggest that EGFR regulation could influence drug distribution by modulating both transport systems.

Although high-methotrexate doses have been reported nephrotoxic, methotrexate toxicity in proximal tubule cells in vitro is limited. This is partly explained by the absence of a tubular lumen in which methotrexate can precipitate leading to tubular obstruction and eventually tubulopathy.^[@ref35]^ Moreover, ciPTEC-OAT1 are matured differentiated cells that show little proliferation which contributes further to the reduced sensitivity to methotrexate, as the drug preferentially targets proliferating and actively dividing cells. Nonetheless, cetuximab pretreatment prevented methotrexate-induced toxicity in cells grown without serum. Under serum deprivation conditions cell cycle progression can be stimulated,^[@ref56]^ which sensitized the cells to methotrexate. Pretreatment with U-0126 also prevented methotrexate-related toxicity, re-enforcing the role EGFR mediated MAPK/ERK signaling plays in nephrotoxicity by regulating transport activity in the proximal tubule. Noteworthy, ciPTEC-OAT1 are immortalized and transduced to overexpress OAT1, which may have implications for its active regulatory pathways in this cell model. Nonetheless, our pathway analysis is consistent with previously reported results with respect to the regulation of drug transporters. Remarkably, in the ciPTEC-OAT3 line, equally sensitive to methotrexate, cetuximab did not recover cytotoxicity in contrast to the observations in ciPTEC-OAT1. This may be indicative of separate regulatory mechanisms for OAT1 and OAT3 or a consequence of the transduction of OAT3 in ciPTEC.^[@ref21]^

The consequences of EGFR cascades inhibition with positive outcomes for renal damage have been reported previously in rats in vivo.^[@ref57]^ Here, we provide direct evidence implicating EGFR in drug transport regulation through PKA and PKC signaling, thereby suppressing methotrexate cytotoxicity in vitro. This protective effect is not limited to methotrexate, as we show that cisplatin cytotoxicity^[@ref25]^ was also suppressed in our model, which further confirms the positive impact of PKA and PKC signaling in drug-induced renal damage. While cetuximab combined with cisplatin improves cancer treatment outcome,^[@ref58]^ improved efficacy of cetuximab combined with low-dose methotrexate is under investigation. This study underlined the implications for drug distribution by showing pronounced changes in transport activity promoted by cetuximab, in particular at the efflux side of proximal tubule cells. Further research into the effects of comedication and its influence on the renal excretion of nephrotoxic agents can elucidate about the use of combination therapies to manage and prevent nephrotoxicity.
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